Although tau is the primary constituent of neurofibrillary tangles (NFTs), evidence suggests that its toxic moiety is oligomeric in Alzheimer disease (AD). In this regard, tau oligomers correlate more strongly with neuronal loss than NFTs and exhibit neurotoxicity in preclinical AD models. Here, we investigated the spatiotemporal progression of oligomeric tau accumulation within the highly vulnerable cholinergic neurons of the nucleus basalis of Meynert (nbM) in AD. Tissue from subjects who died with a clinical diagnosis of no cognitive impairment, mild cognitive impairment, or AD was immunostained with the tau oligomeric complex 1 (TOC1) antibody, a marker of tau oligomers, and p75 NTR , a cholinergic cell marker. Stereological estimates revealed a significant increase in the number of TOC1 nbM immunopositive (þ) neurons with a concomitant decrease in p75 NTR þ nbM neurons during the transition from mild cognitive impairment to AD. Immunofluorescence identified TOC1þ neurons that colocalized with the pretangle tau marker phospho-Ser422, which persisted into late stage NFTs immunoreactive for MN423. Analysis of the nbM subfields revealed a topographical caudal to rostral gradient of TOC1þ neurons during disease progression. Taken together, these data suggest that toxic tau oligomers accumulate caudorostrally in selectively vulnerable nbM neurons during the onset of AD.
INTRODUCTION
Cholinergic basal forebrain (CBF) neurons residing within the nucleus basalis of Meynert (nbM; Ch4) form a continuum of subfields extending from the anterior subfield at the level of the crossing of the anterior commissure (Ch4a), which is further divided into anterior-medial (Ch4am) and anteriorlateral (Ch4al) sectors, to the intermediate subfield at the recession of this commissure (Ch4i), to the posterior subfield (Ch4p) at the level of the lateral geniculate nucleus (1, 2) . These neurons provide the major source of acetylcholine throughout the cortical mantle and amygdala (1, 2) . Degeneration of Ch4 neurons correlates with cognitive impairment, dementia severity, and disease duration in Alzheimer disease (AD) (3) (4) (5) (6) (7) (8) (9) (10) . Recent studies from our group suggest that pathological events underlying the formation of neurofibrillary tangles (NFTs) containing pathological tau within CBF neurons occur early during the progression of AD (11, 12) . These cellular events involve the appearance of discrete tau neoepitopes, which undergo a pathological sequence of posttranslational modifications precipitating NFT formation (11, 12) . CBF NFTs are found in close association with tau-positive neuropil threads during the early stages of AD progression (13) . Furthermore, evidence suggests that CBF neuronal subfield degeneration and cell loss follow a caudal to rostral topographical progression (9, 10, (14) (15) (16) . However, the spatiotemporal distribution of tau pathologies, such as aberrantly phosphorylated, truncated, or oligomeric tau, in the basocortical cholinergic projection subfields has yet to be characterized during the clinical progression of AD.
Although NFTs are implicated in mediating cognitive decline in AD (17) (18) (19) (20) , accumulating evidence suggests that prefibrillar oligomers are likely the more neurotoxic species of tau (1, 2, (21) (22) (23) (24) (25) . For instance, reducing tau overexpression decreases neuronal cell loss even though filamentous inclusions continue to form (3) (4) (5) (6) (7) (8) (9) (10) 26) , and multimeric tau species correlate with spatial memory deficits in the rTg4510 transgenic tauopathy mouse (11, 12, 21) . Moreover, oligomeric tau disrupts CA3-CA1 long-term potentiation in mouse hippocampal slice preparations, suggesting a role in mediating synaptic dysfunction in memory circuits (27) . In human frontal cortex, levels of granular tau oligomers are elevated, even in early Braak stages I-II (11, 12, 23, 24, 28) when NFTs are not apparent in this region (13, 29) . However, the extent of the accumulation of tau oligomeric species in the cholinergic nbM neurons during the progression of AD has yet to be evaluated.
In this study, we used a monoclonal antibody that selectively recognizes oligomeric tau, tau oligomeric complex 1 (TOC1) (9, 10, (14) (15) (16) 24) , combined with an antibody against the low-affinity nerve growth factor (NGF) receptor p75 NTR , an excellent marker for cholinergic nbM neurons (10, (17) (18) (19) (20) , to characterize the spatiotemporal accumulation of tau multimers within perikarya of the CBF subfields in postmortem tissue obtained from participants in the Rush Religious Orders Study (RROS) who died with an antemortem clinical diagnosis of no cognitive impairment (NCI), mild cognitive impairment (MCI), or AD. We also performed confocal microscopy to assess the colocalization of TOC1 immunoreactivity with markers for early pretangle and mature tangle pathology. Quantitation of single-labeled p75 NTR immunopositive (þ), TOC1þ, and dual-labeled p75 NTR þ/TOC1þ neurons within the nbM subfields was estimated by unbiased stereology and correlated with clinical test scores and neuropathologic diagnostic criteria during disease progression. Our data provide evidence that tau oligomers associate with pretangle pathology within cholinergic nbM neurons and appear early in the NCI-MCI-AD continuum. Moreover, tau oligomer accumulation follows a caudorostral gradient throughout the Ch4 subgroups that mirrors the topographical pattern of Ch4 neuronal selective vulnerability and cell loss during disease progression. These data suggest that tau oligomer formation is an early event that contributes to the spatiotemporal pattern of CBF neuron dysfunction during the onset of AD.
MATERIALS AND METHODS

Subjects
Individuals examined were all participants in the RROS, a longitudinal clinical-pathological study of aging and AD of elderly retired Catholic nuns, priests, and brothers (30) (31) (32) (33) . Rush University Medical Center and Michigan State University Institutional Review Boards approved the study. The present investigation is based on 12 individuals meeting clinical criteria for NCI, 9 for MCI, and 12 for mild AD (Table 1 ). All subjects came to autopsy with no coexisting clinical conditions contributing to cognitive impairment as judged by the examining neurologist and were not receiving anticholinesterase drug therapy.
Clinical Evaluation
Details of the RROS clinical evaluation and diagnostic criteria are published (30, (33) (34) (35) (36) . Briefly, a team of investigators performed an annual clinical evaluation, including a medical history and interview for common problems of elderly persons, a complete neurological examination, and cognitive performance testing with the Mini-Mental State Exam (MMSE) and 17 additional neuropsychological tests referable to 5 cognitive domains: orientation, attention, memory, language, and perception (37, 38) . A global cognitive score (GCS), consisting of a composite z-score calculated from this test battery also was determined for each participant. A boardcertified neurologist with expertise in the evaluation of the elderly, and blinded to age, sex, race/ethnicity, and clinical data other than occupation, education, and information about sensory or motor deficits, used these results to summarize impairments in each of the 5 cognitive domains. The diagnosis of dementia or AD met recommendations by the joint working group of the National Institute of Neurologic and Communicative Disorders and Stroke/AD and Related Disorders Association (NINCDS/ADRDA) (39) . The MCI population was defined as subjects who exhibited cognitive impairment on neuropsychological testing but did not meet the criteria for AD or dementia, criteria consistent with those used by others in the field (40) (41) (42) (43) . Cases with complicating conditions, such as stroke, Parkinson disease, Lewy body dementia, hippocampal sclerosis, and major depressive disorder, were excluded.
Brain Tissue Preparation and Pathological Evaluation
Brains were removed from the calvarium at autopsy (mean postmortem interval, 4.8 hours; range, 1.0-8.6 hours; Table 1 ) and processed as previously described (30, 33, 36) . Briefly, 1 hemisphere of each brain was cut on a brain-slice apparatus into 1-cm-thick slabs, immersion fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, at 4 C for 48 hours, and cryoprotected in 10% glycerol plus 2% dimethyl sulfoxide (DMSO) in 0.1 M phosphate buffer at 4 C for 2-7 days, followed by immersion in a solution of 20% glycerol plus 2% DMSO. Brain slabs containing the CBF were cut into 18 series (720-lm interval) of adjacent 40-lm-thick sections on a freezing, sliding stage microtome, and stored in cryoprotectant solution until processed. Select regions from the opposite hemisphere were paraffin-embedded, cut at 8 lm, and stained with hematoxylin and eosin, modified Bielschowsky, thioflavin-S, and AT8-tau and ubiquitin antibodies for neuropathological diagnosis (44) .
A board-certified neuropathologist evaluated all cases blinded to clinical diagnosis. Designations of "normal" (with respect to AD or other dementing processes), "possible AD," "probable AD," or "definite AD" were based on semiquantitative estimation of neuritic plaque density, an agerelated plaque score, and presence or absence of dementia as established by the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) (45) . Braak scores based on the staging of NFT pathology were established for each case (46) . Cases received a Reagan likelihood-of-AD diagnosis based on plaque and tangle pathology (47) . The recent algorism for the diagnosis of AD (48) is currently being applied to all RROS cases.
Antibodies
The mouse monoclonal antibody TOC1 was raised against photochemically cross-linked tau dimers (24) . The TOC1 epitope (amino acids 209-224) is conformation dependent and reacts with tau dimers and oligomeric assemblies (49) . The specificity of TOC1 for tau oligomers was previously confirmed by immunoblotting and immunolabeled electron microscopy (24, 49) .
A mouse monoclonal antibody generated against the low-affinity NGF receptor (p75 NTR ) was created from A875 melanoma cells as the immunogen, affinity purified, and characterized by immunohistochemistry and flow cytometry as described by the manufacturer (Thermo Scientific, OSM00019A). Previous work demonstrated the specificity of p75 NTR for human cholinergic nbM neurons (10, 50, 51) . Two additional antibodies were used to characterize the appearance of tau oligomer pathology within the temporal evolution of NFTs within CBF neurons. A rabbit monoclonal anti-Tau pS422 antibody was used to identify early stage (pretangle) tau pathology (12, (52) (53) (54) . The pS422 antibody is an affinity-purified antibody that was raised against a synthetic peptide containing phosphoserine 422 (S422) of human tau, and characterized by Western blotting as described by the manufacturer (Abcam, ab79415). The mouse monoclonal MN423 antibody was used to identify late-stage tau pathology (55-7). MN423 was raised against an enriched preparation of paired helical filaments and detects tau truncated at glutamic acid 391 (E391), a modification that occurs during the later stages of tangle evolution (57) (58) (59) .
Immunohistochemistry
A series of sections containing Ch4 subregions was processed for TOC1 and p75 NTR using a double-labeled immunohistochemical procedure (12) . Tissue was rinsed 6 Â 10 minutes with 0.1 M tris buffer saline ([TBS]; pH 7.4) containing 0.05% Triton X-100 (TxTBS) before each step of the staining protocol and all steps were performed at room temperature, unless otherwise specified. Endogenous peroxidase activity was quenched by incubating the tissue in 3% H 2 O 2 for 1 hour. Nonspecific binding was inhibited by incubating for 1 hour in blocking buffer containing 10% normal goat serum (NGS)/2% bovine serum albumin (BSA)/TxTBS. Immediately following blocking, tissue was incubated with the first primary antibody (TOC1; 1:2,000) in dilution buffer (2% NGS/ TxTBS) at 4 C overnight. The following day tissue was incubated with biotinylated goat antimouse IgM secondary antibody (Vector Laboratories, BA-2020) diluted 1:500 in dilution buffer for 2 hours, before incubation in avidin-biotin complex (Vector Laboratories, PK-6100) made according to manufacturer's instructions. Tissue was developed in 0.25% ammonium nickel (II) sulfate hexahydrate (Sigma, A1827), 0.05% 3 0 ,3 0 -diaminobenzidine, and 0.003% H 2 O 2 resulting in a black reaction product.
Subsequently, tissue was incubated in an avidin/biotin blocking kit (Vector Laboratories, SP-2001) following the manufacturer's recommendations. Any remaining peroxidase activity from the first reaction was quenched with 3% H 2 O 2 for 30 minutes. Tissue was blocked for 1 hour in blocking buffer, and then immediately incubated at 4 C overnight with the second primary antibody (p75 NTR ; 1:120,000) in dilution buffer. The next day, the tissue was incubated with biotinylated goat antimouse IgG (Vector Laboratories, BA-9200) diluted 1:500 in dilution buffer for 2 hours, before incubation in avidin-biotin complex solution as described above. Tissue was developed in 0.05% 3 0 ,3 0 -diaminobenzidine and 0.003% H 2 O 2 to produce a brown reaction product. After development, tissue was mounted on microscope slides (VWR, 16004-406), air-dried for no more than 6 hours, dehydrated is a series of graded ethanols (70%, 90%, 95%, and 100%), cleared in xylenes, and coverslipped using CytoSeal 60 (Thermo Scientific, 8310).
Appropriate immunohistochemistry controls were performed to rule out cross-reactivity and nonspecific staining. Omission of both primary antibodies resulted in no detectable immunostaining. Omission of either TOC1 or p75 NTR primary antibody detected only the specific epitope of the respective primary antibody, and ensured that quenching and blocking steps were effective (Supplementary Data Fig. S1 ).
Immunofluorescence
To evaluate the appearance of TOC1 immunoreactive (þ) neurons in the temporal sequence of tangle maturation, additional forebrain sections from 6 NCI, 6 MCI, and 6 AD cases, selected randomly from the above cases, were processed for immunofluorescence. Tissue was rinsed 6 Â 10 minutes with TxTBS before each step of the staining protocol and all steps were performed at room temperature, unless otherwise specified. Tissue was blocked for 1 hour in 10% NGS/2% BSA/TxTBS, and then incubated at 4 C overnight with all 3 primary antibodies diluted in 2% NGS/TxTBS (TOC1, 1: 2,000; pS422, 1: 2,500; MN423, 1:500). The following day, the tissue was incubated with secondary antibodies for 2 hours. pS422 was labeled with Alexa Fluor 405 goat antirabbit (Invitrogen, A-31556), TOC1 with Alexa Fluor goat antimouse IgM 488 (Invitrogen, A-21042), and MN423 with Alexa Fluor goat antimouse IgG2b 568 (Invitrogen, A-21144). Tissue was rinsed, mounted on adhesive microscope slides, and dried overnight. Autofluorescence was blocked using Sudan black (11, (60) (61) (62) , and slides were coverslipped using hardset Vectashield mounting media (Vector Laboratories H-1400).
Immunofluorescence controls were performed to rule out cross-reactivity and nonspecific staining. The following sets of controls were performed: 1) omission of all 3 primary antibodies, and 2) omission of TOC1, pS422, or MN423 primary antibody individually. All controls produced the expected results (Supplementary Data Fig. S2 ).
Stereological Quantification of Neurons
Quantitative estimates of the number of p75 NTR þ, p75 NTR þ/TOC1þ, and TOC1þ neurons within Ch4 subfields were performed using the optical fractionator cell counting protocol (31, 60, (63) (64) (65) . The region of interest, containing the Ch4 neurons, extends from the crossing of the anterior commissure to the level of the lateral geniculate nucleus (1, 66) . The optical fractionator methods allow for the unbiased analysis of a well-defined portion of a structure independent of its size, shape, orientation, or tissue shrinkage (64, 67, 68) .
The stereology system consisted of a Nikon Eclipse 80i microscope (Nikon Instruments) hard-coupled to an MAC5000 computer-controlled x-y-z motorized stage (Ludl Electronic Products, Hawthorne, NY), a Microfire A/R video system (Optronics, Goleta, CA), and a computer equipped with StereoInvestigator v9.0 software (MBF Bioscience, Williston, VT). Neuronal cell counts were performed on a 1:18 series of sections that yielded an average of 16 serial sections per case. The CBF region was outlined at low magnification using a 2Â objective and approximately 200-400 immunoreactive neurons were counted at 60Â magnification with a counting frame of 10 mm 2 . The percentage of area counted was adjusted for each cell type to achieve the most accurate estimate possible, but the methods used for each case were uniform throughout all sections. For the p75 NTR þ neurons, 5% of the outlined CBF area was counted for all cases. TOC1þ and p75 NTR þ/TOC1þ neurons were relatively sparse, and therefore were counted at 100% of the area. The average section thickness was 13.2 lm and a guard zone of 1 lm was applied to the top and bottom of each section. Coefficients of error (CE) were calculated using the Gundersen method to estimate the accuracy of the optical fractionator probe (64, 69, 70) . The mean and range of the CE values for each cell phenotype counted are listed in Table 2 . The stereologist performing the quantitative analysis was blinded to age, gender, and clinical and pathological classification of each subject analyzed. To evaluate the spatial progression of TOC1þ pathology in the cholinergic subgroups of the nbM, serial sections from each case included in the stereological quantification were separated into anterior, intermediate, and posterior subfields, based on previously established anatomical boundaries (1, 2, 10, 66) . Briefly, Ch4a begins as scattered cells just caudal to the olfactory tubercle, reaching its greatest extent rostrocaudally at the crossing of the anterior commissure. Cells of Ch4i were identified by the presence of the ansa peducularis, and cell density is highest at this level. The posterior subfield of the CBF was defined by the presence of the cerebral pedun-
TOC1 Colocalization
One section representative of TOC1þ pathology in the intermediate (Ch4i) subfield was selected from 6 NCI, 6 MCI, and 6 AD cases and triple-labeled with TOC1, pS422, an MN423, as described above. Large multipanel images encompassing the entire Ch4i subfield were collected at 10Â magnification on a Nikon A1þ laser scanning confocal microscope system equipped with solid state lasers (405, 488, 561) and Nikon Elements AR software. TOC1þ neurons within the CBF were identified, and cells were counted according to one of the following phenotypes: 1) TOC1þ, 2) TOC1þ/pS422þ, 3) TOC1þ/MN423þ, or 4) TOC1þ/pS422þ/MN423þ. Counts are displayed as the percentage of total TOC1þ neurons per section that were either single-, double-, or triple-labeled.
Statistics
Demographic, clinical, and neuropathological characteristics were analyzed by either Fisher exact test or 1-way analysis of variance with Tukey's correction for post hoc comparison. Neuron counts were compared across clinical diagnostic groups with 1-way analysis of variance, and assessed for association with demographic, clinical, and neuropathological variables by Pearson correlation (71, 72) . Data were transformed by natural logarithm as needed. All applicable tests were 2-tailed, and statistical significance was set at p 0.05. GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla, CA) was used for all statistical tests.
RESULTS
Clinical and Pathological Characteristics
Demographic, clinical, and neuropathological characteristics of the 33 subjects (12 NCI, 9 MCI, and 12 mild/moderate AD) are summarized in Table 1 . There were no significant differences in age, gender balance, years of education, or postmortem interval. Subjects with AD had significantly lower MMSE scores (F [2, 30] ¼12.02, p ¼ 0.0001) and GCS (F [2, 30] ¼28.19, p < 0.0001) compared to the NCI and MCI groups. NCI cases met the criteria for Braak stages I/II (33%), III/IV (58%), and IV/V (8%), MCI cases for Braak stages I/II (11%), III/IV (67%), and IV/V (22%), and AD cases for Braak stages I/II (8%), III/IV (42%), and IV/V (50%). Distribution of Braak scores was not significantly different across the diagnostic groups; however, NIA Reagan diagnosis (F [2, 30] ¼6.065, p ¼ 0.0006) and CERAD score (F [2, 30] ¼5.076, p ¼ 0.013) significantly differentiated NCI from AD subjects. In several cases, neuropathological scores were discordant with the clinical diagnosis ( Table 1 ). For example, 1 NCI subject was Braak stage V and 3 were Braak stage IV. In addition, 33% and 50% of NCI subjects, respectively, had an intermediate likelihood of AD as evaluated by NIA Reagan diagnosis and CERAD. Similar findings were reported by us and others (73) (74) (75) , suggesting that either these individuals tolerate NFT load in the medial temporal lobe without cognitive impairment, or were preclinical AD cases.
Morphology and Quantification of p75
NTR 1, p75 NTR 1/TOC11, and TOC11 Neurons
Sections immunostained for p75 NTR þ revealed a continuum of magnocellular neurons extending from Ch4am to Ch4al and to Ch4i subfields of the nbM in all cases, as previously described (10, 12, 76) . By contrast, not all cases contained the Ch4p subfield (see below). Interstitial p75 NTR þ neurons were scattered throughout the internal capsule, medullary laminae of the globus pallidus, ansa peduncularis, and ansa lenticularis.
Neuronal cytoplasm and processes immunolabeled with p75 NTR appeared brown (Fig. 1G ) and TOC1 immunoreactivity displayed a black reaction product (Fig. 1J) . Initially, TOC1 pathology appeared as faint black reactivity scattered within the cytoplasm (Fig. 1H) . As pathology progressed, TOC1 immunoreactivity filled the entire neuronal cytoplasm before extending into the proximal processes (Fig. 1I) . Singlelabeled TOC1þ neurons often appeared shrunken and globose in appearance ( Fig. 1J; black arrow) . Flame-shaped NFTs were observed less frequently.
Quantification of p75 NTR þ, p75 NTR þ/TOC1þ, and TOC1þ neurons was performed on all 33 subjects across the 3 clinical groups (Table 3 ). The number of p75 NTR þ nbM neurons decreased significantly in AD compared to NCI ( Fig. 2A ;
The number of p75 NTR þ/ TOC1þ nbM neurons progressively increased throughout the transition from NCI to MCI to AD (Fig. 2B) . The number of single-labeled TOC1þ nbM neurons remained low in NCI and MCI, increasing only in AD subjects (Fig. 2C) ; however, group comparisons did not reach statistical significance (Table 3) . Notably, a subanalysis of p75 
Neuropathological and Clinical Correlates
Examination of the relationship between each population of labeled CBF neurons and cognitive tests (e.g., GCS, MMSE; Table 4 Table 4 ). The numbers of p75 NTR þ/TOC1þ and TOC1þ neurons were not significantly correlated with either cognitive test (Fig. 3C, E) .
The relationship between these 3 neuronal populations and neuropathological criteria (e.g., Braak stage, NIA Reagan, CERAD) is shown in Table 4 . The estimated number of p75 Table 4 ).
Spatiotemporal Progression of TOC11 CBF Neurons
The spatiotemporal progression of TOC1þ pathology in the CBF subfields was examined by comparing the proportion of TOC1þ neurons between the 3 clinical groups across CBF subdivisions: anterior (Ch4a; NCI, n ¼ 10; MCI, n ¼ 8; AD, n ¼ 11), intermediate (Ch4i; NCI, n ¼ 11; MCI, n ¼ 8; AD, n ¼ 12), and posterior (Ch4p; NCI, n ¼ 2; MCI, n ¼ 3; AD, n ¼ 2) (1). The small number of cases containing Ch4p resulted from variability in tissue blocking by the brain bank at autopsy. Multiple comparison analysis revealed a significant difference between all 3 Ch4 subregions, irrespective of clinical diagnosis (F [2, 84] ¼296.4, p < 0.0001; Fig. 4A ). The percentage of TOC1þ nbM neurons was significantly greater in Ch4i compared to Ch4a and Ch4p, and Ch4a compared to Ch4p (Fig. 4A) .
The nbM subfields contain variable numbers of cholinergic neurons, with the Ch4i subfield containing the highest density of p75 NTR þ neurons (1, 66) . Therefore, the proportion of TOC1þ neurons relative to p75 NTR þ neurons within each subfield was compared to further evaluate the spread of TOC1þ pathology during the progression of AD (Fig. 4B) . In NCI and MCI, the relative density of TOC1þ/p75 NTR þ nbM neurons was highest in Ch4p compared to Ch4a and Ch4i. Conversely, the relative density of TOC1þ neurons was higher in Ch4a and Ch4i compared to Ch4p in AD, but these differences did not reach statistical significance (p ¼ 0.680).
Quantification of TOC11 Colocalization With pS4221 and MN4231
Triple-label immunofluorescence colocalization analysis of TOC1, pS422, and MN423 was used to determine the staging of tau oligomer formation during tangle maturation (56) . Phosphorylation at pS422 is an early event in tangle formation, and labels prefibrillar tau pathology (12, 52, 53) . Conversely, MN423 labels a tau truncation event at E391, a late event in tau evolution, indicative of mature NFT pathology (55) (56) (57) 59 ). Single-(TOC1þ), double-(TOC1þ/pS422þ, TOC1þ/MN423þ), and triple-labeled (TOC1þ/pS422þ/ MN423þ) nbM neurons (Fig. 5) were counted in 1 section from the Ch4i subfield selected randomly from each of 6 NCI, MCI, and AD cases (Fig. 6) . Quantitative analysis revealed a significant difference between the proportion of TOC1þ nbM neurons colocalizing with pS422 and/or MN423 tau pathology (F [3, 68] ¼5.006, p ¼ 0.003). Although single-labeled TOC1þ neurons were present (19.1%; Fig. 6A ), TOC1 colocalized most frequently with pS422 either in the absence (33.9%) or presence (37.6%) of MN423 (Fig. 6A) . Doublelabeled TOC1þ/MN423þ nbM neurons were observed least frequently (9.4%; Fig. 6A) .
When compared between clinical groups ( Fig. 6C-E) , single-labeled TOC1þ neurons did not fluctuate during disease progression, remaining at $20% (Fig. 6B) . In NCI subjects, the majority of cells was double-labeled TOC1þ/pS422þ (48.9%), whereas TOC1þ/pS422þ/MN423þ (28.6%) and TOC1þ/ MN423þ (3.2%) neurons were observed less frequently. The transition to MCI was marked by an increase in TOC1þ/ pS422þ/MN423þ (49.7%) and TOC1þ/MN423þ (11.4%), and a decrease in TOC1þ/pS422þ (24.4%). In AD cases, the proportion of TOC1þ/pS422þ (28.5%) and TOC1þ/pS422þ/ MN423þ (34.4%) were relatively similar, whereas TOC1þ/ MN423þ (13.6%) increased slightly ( Fig. 6C-E) .
DISCUSSION
Prefibrillar forms of tau play a significant role in cognitive impairment and neurodegeneration in AD (77) (78) (79) . For instance, levels of multimeric tau aggregates correlate with memory deficits in transgenic mice that overexpress tau (21) . Human neurons derived from pluripotent stem cells and treated with tau oligomers, not monomers, accumulate pathologically phosphorylated tau accompanied by neurite retraction, loss of synapses, aberrant calcium homeostasis, impaired neurotransmitter signaling, and ultimately neuronal death (80) . In the present study, we used unbiased stereology to evaluate the progression of tau oligomeric pathology in the Ch4 subfields, a brain region vulnerable to tau pathology and neurodegeneration early in the disease process (13, 81) . We found that a decrease in the number of nbM neurons expressing the low-affinity p75 NTR receptor, an excellent marker of CBF neurons (76) , was paralleled by an increase in the number of cholinergic neurons expressing TOC1, an antibody that selectively labels oligomeric tau aggregates (24) . Additionally, we demonstrate that TOC1 colocalizes extensively with pS422, an early event in tangle maturation, which spreads topographically along the caudorostral axis of the Ch4 subregions. These data indicate that formation of tau oligomers in nbM neurons follows a spatiotemporal pattern that coincides with prefibrillary tau pathology.
Loss of p75 NTR 1 nbM Neurons and Increase in Tau Oligomers During AD Progression
Viability of nbM cholinergic neurons is dependent upon binding, internalization, and retrograde transport of NGF, which is mediated by a complex interaction between its 2 receptors, the high-affinity NGF-specific prosurvival tyrosine kinase TrkA and the low-affinity pan neurotrophin p75 NTR receptor (82-4). Expression of both TrkA and p75 NTR protein decreases within the nbM neurons in subjects with MCI and mild AD compared to NCI, suggesting a loss of neurotrophic support and cell viability (31, 76, 85) . Recent work from our group suggests that accumulation of tau epitopes in nbM neurons, including pS422 and a truncation at aspartic acid-421 recognized with a TauC3 antibody, is associated with a downregulation of transcripts encoding TrkA and p75 NTR , respectively (C.T. Tiernan and S.E. Counts, unpublished data), suggesting that tau pathology underlies neuronal vulnerability across the Ch4 subfields. Furthermore, studies indicate that pS422-pseudophosphorylation enhances the formation of tau multimers and impairs axonal transport (54), implicating prefibrillar tau pathology in the dysfunction and degeneration of cholinergic nbM neurons.
In the present study, we determined whether a reduction in the number of p75 NTR þ nbM neurons was associated with increasing tau oligomer pathology labeled by the TOC1 antibody. Stereological quantification demonstrated a significant þ/TOC1þ and TOC1þ neurons during AD progression. Although increasing TOC1 immunoreactivity was nonsignificant when evaluated by estimated neuron number, the percentage of p75 NTR þ nbM neurons that were TOC1þ increased significantly by $3.5% between NCI and AD. Moreover, p75 NTR þ/TOC1þ neurons were significantly higher in NCI cases with high Braak pathology compared to those with low Braak pathology, suggesting that tau oligomer accumulation in Ch4 subfields begins in the preclinical stages of AD (86) . Correlational analyses revealed a significant relationship between p75 NTR þ neurons and both cognitive (MMSE, GCS) and neuropathological (Braak score, NIAReagan diagnosis, and CERAD) criteria, whereas p75 NTR þ/ TOC1þ neurons were significantly correlated only with Braak score. A factor likely contributing to the present findings is that TOC1 immunoreactivity was apparent in only $5% of nbM neurons, compared to $20% of neurons containing pS422 immunoreactivity in AD (12) . However, characterization of the TOC1 antibody revealed that it labels a subpopulation of tau oligomers (24) . Thus, it is reasonable to speculate that additional, as yet undefined oligomeric tau conformations also accumulate within Ch4 neurons during the progression of AD. The mechanism by which tau oligomers contribute to cholinergic nbM neuronal dysfunction and degeneration is not well established. However, evidence suggests that prefibrillar species of tau contribute to neuronal pathology through a diverse range of cellular processes, including impairment of long-term potentiation and memory consolidation (21, 27, 87) , inhibition of axonal transport (88) , and mitochondrial and synaptic dysfunction (22, 87) .
Tau Oligomer Formation During NFT Maturation
In AD, the evolution of NFT formation appears to follow a relatively ordered series of events (56) . This process involves aberrant phosphorylation, conformational changes, and truncation of the termini of tau proteins within these inclusions (53, 56, 57, 89) . Presently, we used triple-label confocal microscopy to investigate the contribution of tau oligomer formation to the formation of NFTs in nbM neurons by examining TOC1þ colocalization with the pretangle marker pS422 (52, 53, 90, 91) and MN423, a tau epitope that is associated FIGURE 5 . Triple immunofluorescence of TOC1, pS422, and MN423. Immunofluorescence of TOC1 (green), pS422 (blue), and MN423 (red) in the nbM revealed a relatively higher proportion of TOC1þ/pS422þ neurons (arrowhead) in NCI (A-D) and MCI (E-H) cases. In MCI, MN423 staining was observed more frequently and thus the number of TOC1þ/pS422þ/MN423þ neurons (arrow) increased. Triple-labeled NB neurons were also observed in AD (H-L; arrow), however, double-labeled TOC1þ/ pS422þ neurons persisted in AD (arrowhead). Scale bar: L ¼ 100 lm, and applies to all images. Tau Oligomers in Cholinergic Basal Forebrain with mature NFT pathology (55, (57) (58) (59) . Approximately 72% of all TOC1þ nbM neurons also contained pS422þ, either in the absence (34%) or in the presence (38%) of MN423. Double-labeled TOC1þ/MN423þ nbM neurons were rare (9%). These data suggest that tau oligomer formation in Ch4 perikarya is an early event in tangle maturation, consistent with previous reports (24, 54, 92, 93) . When compared across clinical groups, we observed a temporal shift in the distribution of the colocalization of these markers. In NCI, TOC1 primarily colocalized with pS422. The transition to MCI and AD was marked by an increased presence of TOC1þ/ MN423þ pathology, indicative of tangle maturation, and a shift away from double-labeled TOC1þ/pS422þ toward triple-labeled TOC1þ/pS422þ/MN423þ positive neurons, accordingly. Taken together, these findings imply a specific order of epitope occurrence in the cholinergic neurons of the nbM that progresses from pS422 ! TOC1 ! MN423. In this scheme, aberrant phosphorylation, including pS422, primes the tau protein for additional phosphorylation events and conformational changes (89, 94) that facilitate oligomerization (95) . Once aggregation is initiated, truncation events such as cleavage at E391 ensue (56) .
nbM Subfield Spatiotemporal Pattern of Tau Oligomers
Cholinergic neurons within the nbM are classically subdivided into anterior (Ch4a; in many cases further subdivided into anteromedial and anterolateral), intermediate (Ch4i), and posterior (Ch4p) cell groups (1, 2, 10, 16, 66) . One of the primary goals of this study was to characterize the regional distribution of tau pathology in Ch4 subfields as this chemospecific cell population is selectively vulnerable during the progression of AD (6, 8-10, 14, 15, 96-100) . However, few studies have investigated Ch4 regional susceptibility to neuronal pathology (9, 10, 14-16, 98, 99) , and to our knowledge, none has investigated the topographic pattern of oligomeric, phosphorylated or truncated tau pathology within this region. The majority of studies characterizing nbM neuronal cell loss have reported a caudorostral pattern during AD progression, with Ch4p being most severely affected (9, 10, (14) (15) (16) . However, a minority of studies have reported the greatest decline in Ch4a (98, 99) . The present study provides evidence that tau oligomer pathology follows a caudorostral gradient supporting a Ch4p ! Ch4a pattern of neuronal vulnerability. When normalized to regional cell number, TOC1þ labeling was greatest in Ch4p during the progression from NCI to MCI, and in Ch4a and Ch4i once clinical AD was manifest. Given the evidence that prefibrillar tau pathology is associated with molecular and cellular abnormalities within nbM neurons (11) , appearance of prefibrillar oligomeric tau likely precedes cell loss. On the basis of the current findings, TOC1 pathology would be greater in Ch4p during the NCI and MCI stages, as observed. Conversely, frank cell death in Ch4p during later disease stages (i.e., mild/moderate AD) would shift the burden of TOC1 pathology to more rostral subdivisions (i.e., Ch4a, Ch4i). As only a subset of cases used here included Ch4p, analysis of a larger sample containing the posterior subfield should be undertaken. In this regard, we encourage both national and international brain banks to collect the entire CBF for future clinical pathological investigations.
Interestingly, the caudal to rostral pattern of Ch4 tau pathology may underlie the pathobiology associated with its topographical cortical innervation. Combined retrograde cell tracer and acetylcholinesterase histochemical studies demonstrated that Ch4a projects to medial cortical regions, Ch4i to laterodorsal frontoparietal areas, and Ch4p to the temporal cortex in the macaque monkey (1) . Here, we found the greatest load of tau oligomer neuronal immunoreactivity in Ch4p, which also displays the highest level of CBF neuronal loss (9, 10, (14) (15) (16) . These observations in Ch4p are intriguing in light of recent imaging studies showing that Ch4 volume loss is associated with notable reductions in temporal cortical thickness, as well as cognitive decline, in MCI and AD (101) (102) (103) .
In summary, these results identify a spatiotemporal pattern of tau oligomer pathology in the Ch4 subfields of the nbM during the progression of AD. Oligomeric tau, identified by the TOC1 antibody, appeared concomitant with a decrease in p75 NTR nbM neurons during the transition from MCI to AD. Furthermore, the formation of tau oligomers in Ch4 occurs relatively early in the process of tangle maturation, which proceeds along a caudorostral gradient during the progression from NCI to MCI to AD. Future work is needed to determine whether other markers of tau pathology follow a similar topographical pattern during disease progression. Even so, the present findings provide important and novel evidence for a regional pattern of tau pathology within the cholinergic neurons of the nbM that contributes to neuronal loss and cognitive decline in AD.
